After more than a decade of instrument and method development, broadband coherent anti-Stokes Raman scattering (CARS) micro-spectroscopy is beginning to live up to its potential as a label-free imaging modality that can rapidly generate high resolution images with full vibrational spectra at each image pixel. Presently these instruments are able to obtain quantitative, spatially resolved information on lipids from the CH stretch region of the Raman spectrum, and some instrument designs facilitate acquisition of high quality fingerprint spectra, containing information on a host of molecular species including structural proteins, nucleotides, and metabolites. While most of the existing instruments are research projects themselves, it appears that the relevant technologies are maturing so that commercially available instruments may not be too far in the future, making this remarkable imaging modality widely available.
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The Raman effect occurs when light scatters inelastically from matter so that light energy is converted to or taken from molecular vibrational energy. This type of interaction relies only on changes in polarizability of molecular bonds during vibration, and occurs to some extent for almost all chemical bonds. Thus, not only does this light scattering occur ubiquitously, the inelastically scattered light contains detailed information about chemical composition of materials it has interacted with, providing a label-free chemical contrast mechanism. Perhaps the only reason this contrast mechanism is not widely used for biological microscopy is that the scattering cross section is typically very small. Typically, no more than one in every 10 7 photons that interact with matter will spontaneously scatter in this way.
In spite of its small scattering cross section, significant effort has been expended to develop applications of spontaneous Raman (SR) scattering and micro-spectroscopy in biology. These efforts are motivated by the wealth of label-free chemical information available. Figure 1 shows examples of structural and functional information that can be extracted from SR scattering. Unless stated otherwise, contrast used to construct all images in this review is derived from combination of Raman spectral peaks. In Figure 1a , we see that the SR spectroscopic signature can be used to substitute for image contrast generated by fluorophores targeting myosin, DNA, Golgi apparatus 1 and mitochondria 2 . As exemplified in Figure 1b , vibrational spectra from SR also provide information about cell phenotype [3] [4] [5] ; SR has also been used to objectively discriminate between clinically distinct tumor types and grades in many tissues such as breast 6 , lung 7 , lymph node 8, 9 , and skin 10 . SR spectroscopy has also been used to characterize engineered tissues with respect to proper bone formation 11, 12 . We note that each of these applications has used spectral information that comes exclusively from sets of multiple peaks in the fingerprint region (500 to 1800 cm −1 ).
Applications of SR spectroscopy to biological samples are hindered primarily by two factors: one is that intrinsic fluorescence presents a significant background signal, and the other is that the samples are quite susceptible to photodamage, which limits the amount of excitation light and thus the Raman signal level. Several approaches have been developed to deal with the former problem, including reducing fluorescence by optical bleaching of samples, and careful selection of substrate materials 13 , using near-infrared excitation wavelengths, subtracting collected fluorescence by comparing SR spectra acquired with two closely spaced excitation laser frequencies, or by rejecting fluorescence through time-gated signal detection 14 . The problem of sensitivity to photodamage is managed by using low excitation power, leading to spectral acquisition times on the order of seconds or minutes as shown in Figure 1 . (Variation in time required for signal acquisition among the examples in Figure 1 is due in part to λ −4 scaling of Raman scattering intensity with excitation wavelength.) Due to the weak SR signal, high resolution Raman images from point scanning can require 10s of hours for acquisition 15 . The most effective approach to ameliorate this problem for SR has been parallel spectral acquisition. This allows greater amounts of laser power on the sample by illuminating larger areas, and can lead to imaging speed improvements of up to 100-fold [16] [17] [18] [19] , so high quality Raman spectra can be acquired at an equivalent rate of 30 ms / spectrum. This increase in imaging speed comes at the cost of slightly increased instrument complexity.
Rapid Raman-based image generation is a primary driver for development of coherent Raman imaging (CRI) techniques. Narrow-band CRI methods have demonstrated image acquisition at video rate 20,21 but these derive contrast from single Raman bands, typically from the CH stretch region (2800 to 3200 cm −1 ). These narrow-band coherent Raman methods are limited in their utility for obtaining the types of functional and structural information referred to above, which comes from multiple peaks in the fingerprint region.
Spectroscopic CRI, primarily coherent anti-Stokes Raman scattering (CARS) techniques [22] [23] [24] [25] , have been developed to rapidly acquire signal from the fingerprint and CH stretch regions. These methods require spectrally broad pulsed light, or spectrally narrow but rapidly tunable pulsed light for excitation. Most spectroscopic CARS systems utilize continuum light generated in a photonic crystal fiber and collect signal in the spectral domain [26] [27] [28] . Examples of spectra and images from such instruments are given in Figure 2 . Generation of the fiber-based continuum light required for these approaches is now routine 26,29-31 but spectral domain signal detection creates challenging instrument constraints. Spectral domain detection requires focusing signal light onto the slit of a spectrometer so that it can be cleanly dispersed in the spectral domain onto a CCD camera.
When signal light passes through biological samples, it is elastically scattered to some extent, and only a fraction of the signal can be properly focused onto the camera. Singleelement detectors generally don't require such high quality focusing of the signal light, and in this respect are easier to implement. Spectroscopic CARS techniques using singleelement detectors include Fourier domain 32 , spectral focusing 33 , spectral scanning 34 , or time domain 35 methods. Each of these spectroscopic CRI methods have been implemented almost exclusively as point-scanned approaches with spectral acquisition times typically in the range (25 to 50) ms / full Raman spectrum 36 , which is somewhat faster than pointscanned SR scattering, but on par with line-scanned SR. Line-scan approaches can also be applied to spectroscopic CRI methods, with additional imaging speed improvements 37 of 5 to 10-fold, and no loss of spectral quality.
In spite of increased spectral acquisition speed, the spectroscopic CRI methods have generally not been successful at producing fingerprint spectra on par with those of SR from biological systems. The spectral images in panels a and c, and to a lesser extent, panel b of Figure 2 exemplify this weakness. The relatively low signal to noise ratio in the CRI fingerprint spectra could be due to several factors. Some of the factors that are likely germane to Figure 2a and 2c are that the at 12 cm −1 spectral resolution of the probe pulse was wider than many natural peak widths, that the coherence generation process from pump and Stokes pulses was ~1 ps, so slightly shorter than the resonant buildup time 38 , and there was no in-process noise filtering. The image and spectra in Figure 2c were obtained with high spectral resolution (< 0.1 cm −1 probe width), and coherence generation time was ~ 1 ns (much longer than the coherence buildup time). Also, the signal-processing algorithm included filters intended to reduce spectral noise. The predominant factor, common to all spectroscopic CRI approaches, is the necessity of spreading excitation pulse energy over a broad spectral range. As shown in Figure 2 , most of the peaks in the fingerprint region (there are roughly 50 of them) are intrinsically quite weak, whereas the roughly five peaks of the CH stretch region (2800 to 3100 cm −1 ) are much stronger. For this reason, coherent Raman imaging studies (even spectroscopic CRI) have focused primarily on lipids and other species that have strong signals in the CH stretch region of the spectrum 39-41 .
A major motivating factor for developing spectroscopic CRI has been to rapidly acquire high quality fingerprint spectra. This has recently become possible with application of a signal generation paradigm that is much more efficient than that previously used in spectroscopic CARS. Camp et al. recently showed that impulsive coherence generation can be used to generate high quality fingerprint spectra at 3.5 ms acquisition times 42 . Figure 3 shows examples of spectra and images obtained with this highly efficient signal generation paradigm. The spectra shown are taken from individual image pixels, and are of sufficient quality to identify the presence of DNA, collagen, elastin, and other structural proteins. The detail in the fingerprint spectra is comparable to that obtained with SR at much longer acquisition times, and therefore will contain the same structural and functional information obtained from the fingerprint region in SR scattering (as shown in Figure 1 ). Impulsive coherence generation is key to rapidly obtaining these high quality fingerprint spectra. Fortunately, this coherence generation approach is compatible with spectral domain, Fourier domain, or time domain methods. It is also compatible with line-scan signal acquisition. A combination of impulsive coherence generation and line-scan detection would yield high quality Raman fingerprint spectra at sub-millisecond acquisition times.
It is important that the correct Raman spectra are obtained from the overall coherent Raman signal. All CRI techniques yield a nonresonant background (NRB) component at the same wavelength(s) as the resonant signal of interest 38 . For SRS 43 the nonresonant field is the laser excitation source, which is typically 10 6 to 10 8 times stronger than the resonant signal, but can typically rejected through signal modulation 43 . For CARS, the NRB amplitude is typically 10 to 100 times larger than the resonant component in the fingerprint. However, since it is phase-locked with the resonant component, it can be used as a heterodyne amplifier for the weak peaks in the fingerprint region of the spectrum. In fact, without the NRB as a signal amplifier, the CARS signal originating from many low-concentration analytes in biological systems would be weaker than the corresponding SR signal 44 , and it would be impossible to obtain fingerprint spectra with short acquisition times.
In order to extract the correct Raman spectrum, and to use the NRB as a heterodyne amplifier, the phase of the overall signal must be determined. There are a number of methods for accomplishing this 45-47 , but these phase retrieval algorithms will always return small residual errors. Fortunately, these errors can be corrected analytically 48 , and symmetry criteria peculiar to coherent Raman scattering can be used to ensure that retrieved peak height ratios are correct 48 . Figure 3c shows reproducibility of retrieved spectra with and without the corrections to the retrieved phase.
Spectroscopic CRI methods can now generate full Raman spectra roughly 100 times faster than SR, and with little or no sample preparation. Both of these factors have and will lead to spectroscopic CRI being applied where SR imaging is not practical or possible. This includes applications providing chemo-structural information 49 and mechanistic information 50 that demand high spatial and chemical resolution, with limits on image acquisition time 51 . Spectroscopically augmented histopathology (SHP) is a potentially important example of such an application. It is well established that interobserver diagnostic disagreement among pathologists varies from 10% to 40% depending on cancer type and severity [52] [53] [54] . The lack of agreement can be traced back to subtly of diagnostically relevant features in tissue samples prepared with hematoxylin and eosin (H&E), the gold standard for hisopathology. One approach to reducing the diagnostic uncertainty is to add information about molecular species other than those highlighted by H&E. Vibrational spectroscopy provides a general, label-free way to provide relative abundance of a few diagnostically important tissue components. With spectra taken at just a few spots in the tissue, the agreement between Raman-based ranking and histopathologist panel assignment is typically found to be roughly 5% 7, 55, 56 . These SR studies used single Raman spectra or relatively low resolution compositional maps of tissue, leading to possible sampling bias issues. Here, Spectroscopic CRI could add significant value by rapidly producing high-resolution spatial maps of these diagnostically important species.
For now, the benefit of significantly faster spectroscopic imaging through spectroscopic CRI comes at the price of significantly greater instrumental complexity. To date, these instruments are not commercially available. However, once the underlying technologies used to rapidly produce high quality CRI fingerprint spectra are well established, it is our expectation that the breadth of applications in biology and materials science will provide a favorable market for such instruments. High-speed CARS micro-spectroscopy. All tissues imaged with 3.5 ms spectral acquisition time, 25 mW laser power, and 785 nm probe. Scale bars are 50 μm. (a) Mouse hepatic tissue, with contrast corresponding to collagen, DNA, and general protein. Representative spectra are shown from individual image pixels 42 (b) Mouse model of human glioblastoma, with tumor region identifiable through high density of (blue) nuclear regions. Green regions are red blood cells. 42 (c) Murine pancreatic artery tissue section, pseudocolor highlighting DNA/RNA, the elastic lamina, smooth muscle, and collagen. Arrows identify features of the arterial wall -EL: elastic lamina; TuIn: tunica intima; TuMe: tunica media; TuEx: tunica externa. The pairs of spectra plotted in the top and bottom panels to the right of the micrograph are a single CARS spectrum obtained from the TuME region, and processed using two different NRB approximations. Spectra in the top panel, showing significant differences, are processed without retrieved phase error correction, whereas spectra in the bottom panel are processed with retrieved phase error correction, and are nearly identical.
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